These studies evaluated the influence of an initial exposure of thyroid slices to thyroidstimulating hormone (TSH) on the subsequent responsiveness to the hormone. Bovine thyroid slices were incubated with or without 50 mU/ml TSH for varying periods and then incubated in hormone-free medium for varying periods. Subsequently, slices were incubated for 20 min with 10 mM theophylline and with or without TSH. Cylic AMP was measured after the third incubation. Phosphodiesterase and adenylate cylase were assayed in homogenates prepared from slices after the second incubation. In some experiments prostaglandin E1, puromycin, thyroxine, and triiodothyronine and propylthiouracil were included in the media. In other experiments, low does of TSH (1 AND 10 mU/ml) were used instead of 50 mU/ml. Slices previously exposed to TSH have decreased responsiveness of the adenylate cyclase-cylic AMP system. Such refractoriness is hormone specific since initial exposure to prostaglandin E1 decreases the subsequent response to this substance but not to TSH. Refractoriness to TSH develops only when the first incubation is at least 30 min. It is not reversed by 5 h of incubation without hormone. Incubation of thyroid slices with puromycin does not eliminate refractoriness. The decreased response to TSH cannot be explained by release of thyroxine, triiodothyronine, or iodide from the slices. Phosphodiesterase activity is not increased during the refractory period. A B S T R A C T These studies evaluated the influence of an initial exposure of thyroid slices to thyroid-stimulating hormone (TSH) on the subsequent responsiveness to the hormone. Bovine thyroid slices were incubated with or without 50 mU/ml TSH for varying periods and then incubated in hormone-free medium for varying periods. Subsequently, slices were incubated for 20 min with 10 mM theophylline and with or without TSH. Cyclic AMP was measured after the third incubation. Phosphodiesterase and adenylate cylase were assayed in homogenates prepared from slices after the second incubation. In some experiments prostaglandin E1, puromycin, thyroxine, and triiodothyronine and propylthiouracil were included in the media. In other experiments, low doses of TSH (1 and 10 mU/ml) were used instead of 50 mU/ml. Slices previously exposed to TSH have decreased responsiveness of the adenylate cyclase-cyclic AMP system. Such refractoriness is hormone specific since initial exposure to prostaglandin E1 decreases the subsequent response to this substance but not to TSH. Refractoriness to TSH develops only when the first incubation is at least 30 min. It is not reversed by 5 h of incubation without hormone. Incubation of thyroid slices with puromycin does not eliminate refractoriness. The decreased response to TSH cannot be explained by release of thyroxine, triiodothyronine, or iodide from the slices. Phosphodiesterase activity is not increased during the refractory period. The decreased cyclic AMP response to TSH is associated with diminished response of adenylate cyclase activity to the hormone. Guanosine triphosphate (1 mM) increased adenylate cyclase acSandra J. Shuman, a third year medical student, was supported by a summer research fellowship from the Medical Alumni Association of the University of Pittsburgh.
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Received for publication 31 July 1975 and in revised form 15 January 1976. tivity in both control and TSH treated tissue, but the effect was significantly less in the latter. Although with guanosine triphosphate, TSH increased adenylate cyclase activity in TSH treated tissue, the enzyme activity was still less than that present in control tissue incubated with guanosine triphosphate and TSH. NaF caused an equivalent stimulation of adenylate cyclase in both control and TSH treated tissue. These results suggest that the refractoriness represents an alteration in hormone binding or the coupling of the bound hormone to the adenylate cyclase activity rather than any modification of the catalytic site of the enzyme.
INTRODUCTION
The effects of thyroid-stimulating hormone (TSH)' on thyroid metabolism are probably mediated by activation of the adenylate cyclase-cyclic AMP system (1) . Although this system can initiate the diverse metabolic effects of TSH, less is known about the mechanisms by which the actions of TSH are terminated. Since TSH acutely does not increase cyclic AMP phosphodiesterase activity (1), this mechanism cannot account for the acute regulation of the hormone's effects on the thyroid. The development of refractoriness to hormonal stimulation after prior exposure to the hormone could provide a regulatory mechanism for control of hormone action. The existence of such refractoriness to hormonal stimulation has been reported in adipose tissue (2-4), cerebellum (5), ovary (6) , liver (7) , cerebral cortex (8) , and lung fibroblasts (9) . The present studies were done to determine whether similar refractoriness of the adenylate cyclase-cyclic AMP system developed in the 'Abbreziations used in this paper: GTP, guanosine triphosphate; PGE1, prostaglandin E1; Ts, triiodothyronine; T4, thyroxine; TSH, thyroid-stimulating hormone. Volume 57 May 1976-1132-1141  1132   NEVER EXPOSED TO TSH   EXPOSED TO TSH IN THE THIRD INCUBATION ONLY   6000   E2-EXPOSED TO TSH IN THE FIRST INCUBATION ONLY   111111 EXPOSED TO TSH IN THE FIRST AND THIRD INCUBATIONS   5000 The TSH concentration was 50 mU/ml. * P <0.01 when compared to slices exposed to TSH in the third incubation only. phosphodiesterase activities with a low and a high Km for cyclic AMP (11), the assay was done using both 1 and 100 j"M.
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Puromycin and propylthiouracil were used, respectively, to investigate the effects of protein synthesis and of iodide release into the medium on the development of refractoriness. Appropriate thyroid slices were incubated in Krebs-Ringer bicarbonate buffer with or without puromycin (150 Ag/ml) or propylthiouracil (3 mM) for 15 min before commencing the first incubation. During the subsequent three incubations as outlined above, puromycin or propylthiouracil was again present. Experiments were also done with triiodothyronine (T.) or thyroxine (T4) (0.1 ,uM and 1 nM) in the medium during all three incubations to determine if this would induce refractoriness to TSH during the final incubation.
TSH (NIH-B6) was kindly provided by the National Institute of Arthritis, Metabolic, and Digestive Diseases. The sources of other materials has been reported (1) .
RESULTS
Initial exposure of beef thyroid slices to 50 mU/ml TSH for at least 30 min significantly diminished the rise in cyclic AMP induced by reexposure to the same amount of hormone ( Fig. 1) . Despite an intervening incubation in the absence of TSH, slices exposed to TSH only during the first incubation had cyclic AMP values significantly higher than those in slices that had never been exposed to TSH. The higher cyclic AMP values reflected the interaction of TSH still present on the membrane from the first incubation and theophylline present in the third incubation (12) . Nonetheless, compared to thyroid slices not incubated with TSH in the first incubation, the increase and absolute levels of cyclic AMP were significantly diminished in thyroid slices upon reexposure to TSH in the third incubation. Similar refractoriness was also found in dog, pig, lamb, and human thyroids (data not shown). The effect of varying the length of the second incubation on the development and persistence of the refractoriness to TSH was investigated (Fig. 2) cubation in a hormone-free medium. Although puromycin decreased basal-and TSH-stimulated cyclic AMP concentrations somewhat, the refractoriness was not affected by incubation of thyroid slices with this material (Fig. 3) . The reason for this reduction is not obvious, but it may represent a toxic effect of puromycin.
In these experiments puromycin inhibited ["4C] leucine incorporation into protein by over 95% (data not shown). Since it has been reported that iodide (13, 14) and thyroid hormones (15) (16) (17) (18) can inhibit the TSH activation of the adenylate cyclase-cyclic AMP system and since incubation of thyroid slices with TSH releases these substances into the medium (19) , studies were done to determine whether they could be responsible for the refractoriness. The inhibition by iodide of the stimulation of the adenylate cyclase-cyclic AMP system by TSH is abolished by propylthiouracil or Tapazole which prevents organification of iodide (13, 14) . These results of Fig. 4 TSH during the first incubation induced some unresponsiveness of the tissue to subsequent exposure to the same dose of hormone. However, the refractoriness induced by 1, but not 10 mU/ml of TSH in the first incubation could be overcome by utilizing 50 mU/ml TSH during the third incubation.
The specificity of the TSH-induced refractoriness was investigated using PGE1, a substance that mimics many of the effects of TSH on the thyroid (1). Initial incubation of thyroid slices with PGE1 (25 /g/ml) significantly inhibited the increase in cyclic AMP upon reexposure to PGE1 but had no effect on the subsequent stimulation with TSH (Table II) . The refractoriness induced by PGE1 to subsequent stimulation by that substance could be reversed when the second incubation was prolonged from 2 to 5 h. In fact in the latter experiments, the response to PGE1 appeared to be augmented by the prior incubation of thyroid slices with the substance in the first incubation. The reason for this increased responsiveness to PGE1 is not apparent. The results suggest that initial exposure of thyroid slices to TSH did not induce refractoriness to PGE1 added during the third incubation. Two factors may influence this conclusion. The stimulation induced by TSH greatly exceeds that due to PGEL. In addition the persistent binding of TSH from the first incubation (12) increases the cyclic AMP concentration in the slices incubated in buffer and theophylline alone in the third incubation. This changing base line makes comparison difficult, but even so the increase caused by PGE1 added only during the third incubation was as great in the thyroid slices initially incubated with TSH as that in slices incubated with buffer only. An attempt to overcome the effects of persistent TSH binding by increasing the second incubation from 2 to 5 h was only partially successful. Again, however, the increment of cyclic AMP 
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Beef thyroid slices were first incubated for 120 min in buffer alone or with 1, 10, or 50 mU/ml TSH. The second incubation, in buffer alone, was 30 min. The third incubation of 20 min was performed as follows: slices from each of the four groups in the first incubation were incubated in buffer alone or with 1, 10, or 50 mU/ml TSH. The values represent the mean ±SEM of triplicate slices. * P < 0.05 when compared to slices first exposed to 1 mU/ml of TSH in the third incubation. $ P < 0.02 when compared to slices first exposed to 1 mU/mIl of TSH in the third incubation. § P < 0.02 when compared to slices first exposed to 10 mU/ml of TSH in the third incubation. 1 1 P < 0.05 when compared to slices first exposed to 50 mU/ml of TSH in the third incubation.
duced by PGE1 in the third incubation was certainly as great in the slices initially exposed to TSH as in the control slices.
The diminished cyclic AMP concentrations during reexposure of the thyroid slices to TSH could reflect augmented phosphodiesterase activity. D'Armiento et al. reported that increased cyclic AMP levels in fibroblasts were associated with augmentation of phosphodiesterase activity (20) . Although TSH did not increase phos- Refractoriness is associated with an inability of TSH to increase adenylate cyclase activity in homogenates of tissue previously exposed to the hormone (Table IV) . TSH (1 and 10 mU) significantly increased adenylate cyclase activity in homogenates of thyroid slices which had not previously been exposed to the hormone. In contrast, homogenates from slices incubated with TSH during the first incubation did not respond with augmented adenylate cyclase activity when assayed with 1 or 10 mU of TSH. Refractoriness was not related to changes in the catalytic activity of the adenylate cyclase, since NaF (10 mM) stimulated enzyme activity equally in homogenates prepared from thyroid slices incubated with or without TSH during the initial incubation. Furthermore, the increase in adenylate cyclase activity in homogenates induced by TSH was not impaired by prior exposure of thyroid slices to PGE1 (data not shown). Although guanosine triphosphate (GTP) (1 mM) augmented basal adenylate cyclase activity in both homogenates, enzyme activtiy was significantly less in the tissue that had previously been exposed to TSH. However, the percent stimulation was approximately the same in both tissues. While TSH did not increase adenylate cyclase activity in the TSH treated tissue, it did augment enzyme activity when GTP was also present. However, under these conditions enzyme activity was still not equivalent to that obtained in homogenates that had not previously been exposed to TSH, but the percent stimulation was similar. Beef thyroid slices were incubated with or without TSH (50 mU/ml) for 120 min and washed. The second incubation was for 30 min. Slices were then homogenized and assayed for adenylate cyclase activity. In some assays 1 mM GTP was also included. Each value represents the mean ASEM of triplicate determinations. * P < 0.05 when compared to appropriate control. $ P < 0.01 when compared to appropriate control. I P < 0.01 when compared to 52.5 ±1.2. * P < 0.01 when compared to the same homogenate incubated only with GTP 10-3 M. 5 § P < 0.05 when compared to 72.5 ±2.9.
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DISCUSSION
Initial exposure of thyroid tissue from several species to TSH induces decreased responsiveness of the adenylate cyclase-cyclic AMP system when the tissue is reexposed to the hormone. Induction of refractoriness requires at least 30 min of incubation of the tissue with TSH. Although binding of TSH requires less time (12) and its peak effect on cyclic AMP is evident within 10 min (1), the results suggest that refractoriness is not an immediate consequence of binding or elevated cyclic AMP levels but requires additional time for further metabolic changes to occur. The exact nature of such metabolic changes is not apparent, but they do not seem to be dependent upon new protein synthesis (Fig. 3) . These results differ from those of DeVellis and Brooker who reported that actinomycin D or acetoxycycloheximide prevented refractoriness in rat glial tumor cells induced by norepinephrine (21) . The refractoriness could not be attributed to release of iodide, and its subsequent organification, or thyroid hormone, (Figs. 4 and 5) although these substances can decrease the activation of adenylate cyclase by TSH (13) (14) (15) (16) (17) (18) . Prevention of organification of iodide abolishes such inhibition (13, 14) while in the present experiments, propylthiouracil did not modify refractoriness induced by TSH.
These results do not exclude the possibility that inorganic iodide could cause refractoriness. In addition the presence of T4 and T3 in the buffer during all three incubations did not induce unresponsiveness of thyroid slices exposed to TSH only during the final incubation.
The refractoriness of thyroid, like several other tissues (2, 8, 9) differs from that reported for adipose tissue by Ho and Sutherland (4) since it was not reversed by repeated washing of the tissue. A second incubation without hormone for as long as 5 h did not abolish the decreased responsiveness to TSH indicating that the phenomenon is not easily nor rapidly reversed. Although PGE1 produced diminished responsiveness to subsequent stimulation by this hormone after a second incubation of 2 h, it did not modify the response to TSH indicating some specificity for the induction of refractoriness. When the second incubation was prolonged to 5 h in the absence of PGE,, the refractoriness of thyroid tissue to subsequent stimulation by this substance was no longer apparent. This contrasts to the results with TSH since refractoriness persisted even after a 5-h second incubation. This difference could reflect the more persistent binding of TSH compared to PGE1 which has been previously demonstrated (12) . The lack of hormonal cross reactivity in producing refractoriness is similar to that reported in guinea pig cerebral cortical slices (8) , human astrocytoma cells (22) , and human lung fibroblasts (9) but different than that found in adipose tissue (2) . Such discrepancies could reflect differences in the underlying mechanism responsible for refractoriness.
The failure of TSH to stimulate adenylate cyclase activity in homogenates of thyroid slices previously incubated with TSH provides a basis for the refractoriness. This unresponsiveness to TSH stimulation could reflect several possibilities: (a) decreased binding of TSH to its receptors because they are either already occupied or have been altered by TSH from the first incubation, (b) the coupling mechanism between the hormone receptor and adenylate cyclase has been modified, or (c) inhibition of the catalytic activity of adenylate cyclase. The last possibility appears less likely since NaF and PGE1 stimulated adenylate cyclase activity equally in homogenates from slices previously incubated with or without TSH. Furthermore, GTP also augmented adenylate cyclase activity in homogenates from tissue incubated initially with TSH although the absolute, but not the percentage, effect was somewhat less than that observed in control homogenates. The stimulation by GTP confirms the results previously reported by Wolff and Cook (23) . Although the effect of this nucleotide has been attributed to an action at a nucleotide regulatory site, its exact relationship to the catalytic activity has not been elucidated (24 (25) while Moore and Wolff found no change in hormone binding (26) . We have been unable to measure adequately binding of TSH to its receptors during refractoriness because the nonspecific binding using homogenates is too high to permit interpretation of the data. In adipose tissue an initial activation of adenylate cyclase is essential for induction of refractoriness since PGE1 and nicotinic acid, both inhibitors of adenylate cyclase activity in adipose tissue, abolished refractoriness in adipose tissue induced by epinephrine (2) .
The diminished cyclic AMP response to TSH was not due to increased phosphodiesterase activity. Assays were done for both the high and low Km enzyme activities. Furthermore, refractoriness was demonstrated with theophylline in the buffer. Although inhibition of phosphodiesterase activity with isobutylmethylxanthine partially reversed refractoriness of cerebral cortical slices to biogenic amines (8), this did not seem to contribute to this phenomenon in rat glial tumor cells or adipose tissue (3, 21) .
The possibility exists that some other, as yet unidentified, substance accounts for the inhibition of stimulation of the adenylate cyclase-cyclic AMP system by TSH. The extensive washing of the slices and the use of fresh medium excludes total release of such an inhibitor into the buffer. Evidence for such an inhibitory substance as an important component of the refractory phenomenon has been presented in several other systems. The feedback regulator from adipose tissue studied by Ho et al. was released into the medium (3). Fain (27) and Schwabe et al. (28) suggested that refractoriness to hormonal stimulation in adipose tissue might be mediated by release of adenosine into the medium. However, in brain slices, adenosine prevents refractoriness induced by biogenic amines (8) . In the thyroid, effects of adenosine are quite complex. Although it stimulates cyclic AMP accumulation, it also partially inhibits the stimulation induced by TSH.2
The physiologic significance, if any, of such refractoriness to TSH stimulation remains unknown. It could provide a mechanism to modulate the action of TSH on the thyroid. Such mechanisms would be important since biologically active TSH persists bound to thyroid tissue (12) . Although the major feedback loop controlling thyroid function is probably inhibition of TRH by thyroid hormones, other regulatory mechanisms may exist. The observation that chronic propylthiouracil treatment of animals with its attendant persistent elevation of TSH is still associated with goiter formation is not incompatible with the present demonstration of refractoriness to TSH. Since the refractoriness is not complete, there could still be expression of effects of TSH. However, this demonstration of refractoriness to TSH might be of no physiologic significance and may only reflect the results of in vitro incubations. This may well be the case in adipose tissue since Schimmel (2) reported that during the refractory period induced by epinephrine there was no diminution of glycerol release or the lipolytic response to the hormone despite significant reduction in generation of cyclic AMP.
